The hypothalamic suprachiasmatic nuclei (SCN), the circadian master clock in mammals, releases ATP in a rhythm, but the role of extracellular ATP in the SCN is still unknown. In this study, we examined the expression and function of ATP-gated P2X receptors (P2XRs) in the SCN neurons of slices isolated from the brain of 16-to 20-day-old rats. Quantitative RT-PCR showed that the SCN contains mRNA for P2X 1-7 receptors and several G-protein-coupled P2Y receptors. Among the P2XR subunits, the P2X2 Ͼ P2X7 Ͼ P2X4 mRNAs were the most abundant. Whole-cell patch-clamp recordings from SCN neurons revealed that extracellular ATP application increased the frequency of spontaneous GABAergic IPSCs without changes in their amplitudes. The effect of ATP appears to be mediated by presynaptic P2X2Rs because ATP␥S and 2MeS-ATP mimics, while the P2XR antagonist PPADS blocks, the observed enhancement of the frequency of GABA currents. There were significant differences between two SCN regions in that the effect of ATP was higher in the ventrolateral subdivision, which is densely innervated from outside the SCN. Little evidence was found for the presence of P2XR channels in somata of SCN neurons as P2X2R immunoreactivity colocalized with synapsin and ATP-induced current was observed in only 7% of cells. In fura-2 AM-loaded slices, BzATP as well as ADP stimulated intracellular Ca 2ϩ increase, indicating that the SCN cells express functional P2X7 and P2Y receptors. Our data suggest that ATP activates presynaptic P2X2Rs to regulate inhibitory synaptic transmission within the SCN and that this effect varies between regions.
Introduction
The hypothalamic suprachiasmatic nuclei (SCN) are the center of the endogenous clock that controls circadian changes in a variety of physiological and behavioral functions (Klein et al., 1991) and coordinates the peripheral oscillators (Dibner et al., 2011) . In most species, including the rat, the SCN have two regions that differ in neuronal inputs and levels of the neuropeptides that mediate the rhythmic output of the SCN: the ventrolateral (VL) region receives glutamatergic inputs from the retina and produces vasoactive intestinal polypeptide (VIP), and the dorsomedial (DM) region is enriched with argininevasopressin (AVP)-containing neurons and does not receive direct photic inputs (Gillette and Reppert, 1987; Moore et al., 2002) . The SCN generate a circadian rhythm through spontaneous neuronal electrical activity (Inouye and Kawamura, 1979; Brown and Piggins, 2007) , 2-deoxyglucose metabolism (Schwartz et al., 1980) , secretion of AVP (Schwartz and Reppert, 1985; Watanabe et al., 2000) and VIP (Shinohara et al., 1994) , and the production of nitric oxide (Mitome et al., 2001 ) and prokineticin 2 (Cheng et al., 2002) . There is also a circadian rhythm in ATP levels (Yamazaki et al., 1994) and release (Womac et al., 2009) , which negatively correlates with the electrical activity and AVP secretion rhythm (Womac et al., 2009) . Although the rhythm of ATP release from the SCN cells is well established (Burkeen et al., 2011) , the role of ATP remains to be determined. Extracellular ATP and its metabolic products act as agonists for adenosine and purinergic P2X and P2Y receptors (Burnstock, 1977) . Purinergic P2X receptors (P2XR1-P2XR7) are ATP-gated ion channels (North, 2002) , but the adenosine and P2Y receptors belong to the superfamily of G-protein-coupled receptors (Abbracchio et al., 2009) . Adenosine has been shown to inhibit glutamatergic retinohypothalamic neurotransmission via presynaptic adenosine A1 receptors in the SCN of hamster (Hallworth et al., 2002) and mouse (Sigworth and Rea, 2003) . P2XRs are highly expressed throughout the hypothalamus Vulchanova et al., 1996; Kanjhan et al., 1999; Guo et al., 2009) , where ATP, coreleased with neuropeptides, appears to be involved in the regulation of hormone secretion (Troadec et al., 1998; Kapoor and Sladek, 2000; Stojilkovic, 2009 ) and control of specific autonomic functions, including the central mechanism of body temperature regulation (Gourine et al., 2002) , for example. The expression of P2X2, P2X4, and P2X6 receptor mRNAs and the P2X5R protein (Xiang et al., 2006) has also been found in the rat SCN; however, there is no information available regarding other P2XR subtypes and the function of these receptors in the SCN.
We have investigated this issue through the use of qRT-PCR analysis, immunohistochemistry, patch-clamping, and calcium imaging. As a first step, we determined the mRNA expression levels for P2X1-7 and several P2Y receptors and examined the effect of ATP on membrane potentials and currents recorded from SCN slices. Comparisons were made between regions of the SCN. Finally, the effects of agonists and antagonists of P2XRs on SCN cells were determined.
Materials and Methods
Animals and brain slices. The Animal Care and Use Committee of the Academy of Sciences of the Czech Republic approved the experiments of the present study. Experiments were performed in 14-to 24-day-old Wistar rats, which were kept under a controlled 12-12 h light-dark cycle from birth. Animals had lights on from 6:00 A.M. to 6:00 P.M. Brains were removed between 11:00 A.M. and 6:00 P.M. after decapitation and placed into ice-cold (4°C) oxygenated (95% O 2 ϩ 5% CO 2 ) artificial CSF (ACSF). Hypothalamic slices (200-to 300-m-thick) containing SCN were cut with a vibratome (DTK-1000, D.S.K. Dosaka) and incubated as described previously (Kretschmannova et al., 2003; Vavra et al., 2011) . Briefly, the slices were allowed to recover for at least 1 h in oxygenated ACSF at 32°C-33°C before being transferred into a recording chamber. During the experiments, slices were fixed with a platinum U-shaped wire to the bottom of the chamber and submerged in continuously flowing oxygenated ACSF at 1-2 ml/min at room temperature. Slices were viewed with an upright microscope (BX50WI, Olympus) mounted on a Gibraltar movable X-Y platform (Burleigh) using water-immersion lenses (60ϫ and 10ϫ) and Dodt infrared gradient contrast (Luigs & Neumann) . SCN regions were identified by their position relative to the third ventricle and the optic chiasm in a coronal hypothalamic section (see Fig. 1A ).
Cell cultures. The SCN regions were dissected from ϳ600-m-thick hypothalamic slices, and the cells were dissociated after treatment with trypsin according to the published method (Watanabe et al., 1993) . Next, the cells were purified on discontinuous protein gradient, ϳ100,000 cells were placed on coverslips coated with 1% poly-L-lysine solution (Sigma) in 35 mm culture dishes (BD Falcon) and cultured in Neurobasal medium with 2% B27 supplement and 0.5 mM L-glutamine (all from Invitrogen) in a humidified CO 2 -containing atmosphere at 37°C until the use (7 d).
Immunohistochemistry. Adult male Wistar rats were deeply anesthetized by intraperitoneal injection of thiopental (50 mg/kg, Valeant Czech Pharma) and perfused through the ascending aorta with heparinized saline followed by PBS (0.01 M sodium phosphate/0.15 M NaCl, pH 7.2), and then with 4% paraformaldehyde in PBS. Brains were removed, postfixed for 12 h at 4°C, cryoprotected in 20% sucrose in PBS overnight at 4°C, frozen on dry ice, and stored at Ϫ80°C. Frozen brains were sectioned into a series of 30-m-thick free-floating coronal sections. Nonspecific reactions were blocked by incubation of sections in blocking buffer: 2% normal donkey serum, 1% BSA, 0.5% Triton X-100 in PBS, for 2 h. After blocking, sections were probed by incubation with primary antibodies (anti-P2X2R, Alomone; anti-NeuN, Merck Millipore; anti-GFAP, Merck Millipore) overnight, and detected afterward with secondary antibodies Invitrogen; TRITC, Merck Millipore; Cy5, Merck Millipore) . Primary cell cultures were fixed in 4% paraformaldehyde for 10 min, washed in PBS, blocked in PBS/serum for 1 h, and incubated with anti-P2X2R antibodies overnight. The next day, cell were incubated with anti-synapsin I antibody (BD Biosciences) for 2 h, followed by mix of secondary antibody conjugated with AlexaFluor-488 and AlexaFluor-633 (Invitrogen). Cell nuclei were counterstained by DAPI included in mounting medium (Invitrogen). The images were collected and analyzed using confocal microscope Leica TCS SP2.
Patch-clamp recordings. ATP-induced currents and membrane potentials were recorded from SCN slices using standard whole-cell patchclamp techniques with an Axopatch-200B amplifier (Molecular Devices). Patch pipettes were pulled on the horizontal Flaming Brown P-97 model puller (Sutter Instruments) from borosilicate glass (World Precision Instruments) and polished by heat to a tip resistance of 4 -6 M⍀. The access resistance (average 11 Ϯ 2 M⍀) was monitored throughout each experiment. The mean capacitance of the cells was 6 -8 pF, 50 -80% series resistance compensation was used, and liquid junction potential (ϳ4 mV) was corrected when determining the resting membrane potential of SCN cells. Data were captured and stored using the pClamp 9 software package in conjunction with the Digidata 1322A A/D converter (Molecular Devices). Signals were filtered at 1 kHz and sampled at 2 kHz if not otherwise stated. The cell membrane potential was held at Ϫ60 mV.
Drug application. ATP, ␥-aminobutyric acid (GABA), and drugs were applied in a HEPES-buffered extracellular solution (see Solutions) using a fast gravity-driven microperfusion system made in our laboratory (Dittert et al., 2006) . This application system consists of nine glass tubes, each ϳ400 m in diameter, with a common outlet of ϳ300 m in diameter. The application tip was routinely positioned at ϳ500 m distance from the recorded cell and ϳ50 m above the surface of the slice, and the solution application was controlled by microcomputer and miniature Teflon solenoid valves (General Valves). The washout time between each ATP application was 2-5 min.
Calcium imaging. For intracellular Ca 2ϩ fluorescence imaging, acutely isolated rat brains slices containing SCN were incubated for at least 1 h in oxygenated ACSF at 32°C-33°C. Slices were placed on 5 ϫ 5 mm nylon lattice on the bottom of a culture dish and incubated in 2 ml ACSF containing 1 M of the membrane-permeant ester form of fura-2 (fura-2 AM, Invitrogen) and 0.15% dispersing agent Pluronic F-127 for the next 1 h in carbogen atmosphere (95% O 2 and 5% CO 2 ). After 15 min of washing in fresh ASCF, fura-2 fluorescence from single cells on the slice surface was measured using a MicroMAX CCD camera (Princeton Instruments) and an Olympus BX50WI epifluorescent microscope coupled to a monochromatic illumination system (T.I.L.L., Photonics). Hardware control and image analysis were performed using MetaFluor software (Molecular Devices). Cells were examined under a waterimmersion objective during exposure to alternating 340 and 380 nm light beams. The emitted light images at 515 nm were acquired through a 10 ϫ 0.1 NA (whole SCN) and 40 ϫ 0.9 NA (cells) objective, and the intensity of light emission was measured. The ratio of light intensity (F 340 /F 380 ) reflects changes in intracellular calcium concentration ([Ca 2ϩ ] i ) and was followed in several single cells simultaneously at the rate of one point per second.
Solutions. Slices were preincubated at 32°C-33°C in oxygenated ACSF that contained the following: 130 mM NaCl, 3 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 19 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , and 10 mM glucose (pH 7.3-7.4 ; osmolality 300 -315 mOsm). Drugs were diluted and applied in a HEPES-buffered extracellular solution containing the following: 142 mM NaCl, 3 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose, and 10 mM HEPES, pH adjusted to 7.3 with 1 M NaOH; osmolality was 300 -315 mOsm. Patch electrodes used for whole-cell recording were filled with an intracellular solution containing the following: 140 mM KCl, 3 mM MgCl 2, 0.5 mM CaCl 2, 10 mM HEPES, and 5 mM EGTA, pH adjusted to 7.2 with KOH. The osmolality of the intracellular solutions was 285-295 mOsm.
Quantitative real time RT-PCR. Coronal hypothalamic slices (200 -250 m) containing SCN were dissected from rat brains using a Vibratome slicer. SCN were punched out of the slices under visual control (magnification 20ϫ) using a needle punch with an internal diameter of ϳ1 mm. Samples were either used immediately or frozen in RNAlater (SigmaAldrich) at Ϫ80°C. Samples were homogenized using ceramic balls (MagNA Lyser Green Beads) and a MagNA Lyser homogenizer (Roche Diagnostics). Total RNA was extracted from homogenized tissue using column isolation with a GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich) according to the manufacturer's protocol. The concentration of total RNA in each sample was measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific). Samples were volume adjusted with DNAase-and RNAase-free DEPC-treated water provided with the RT kit and normalized for their RNA content. First-strand cDNA was synthesized from up to 1 g of RNA using a Superscript III first-strand synthesis supermix for qRT-PCR (Invitrogen). Random hexamers provided with the kit were used as the primers for reverse transcription. Expression levels of specific mRNA(s) for P2X receptors 1-7 (P2X1-P2X7) and P2Y1, 2, and 12 genes were measured using ABI PRISM 7000 Sequence Detection System (Applied Biosystems). The probes and primers (TaqMan inventoried probes) used for these experiments were developed by Applied Biosystems as TaqMan Gene Expression assay, specifically the following:
, and GAPDH (TaqMan Endogenous Control, catalog #4352338E). Real-time PCR amplification reactions were performed in 30 l aliquots on a 96-well optical plate in a duplex reaction format. Each reaction contained TaqMan target gene probes labeled with FAM/ TAMRA, GAPDH probes (VIC/MGB), TaqMan Gene Expression Master Mix with AmpErase UNG (Applied Biosystems) and cDNA. Genespecific calibration curves were generated from serial dilutions of standard cDNA to determine the efficiency of individual probes for target genes along with the "housekeeping" gene GAPDH. The efficiency of different probes was found to be very similar, and the 2 Ϫ⌬⌬ C T method was used to calculate the mRNA levels of all genes of interest normalized to the reference gene (GAPDH ).
Data analysis. The frequencies and amplitudes of spontaneous postsynaptic currents were manually analyzed off-line using a pClamp 10 (Molecular Devices). The currents were detected using a threshold-based event search and visually evaluated by the experimenters. Only events exceeding 10 pA were used in subsequent analysis. The amplitudes of individual events were determined by the detection program. Frequency was calculated from number of events over the recording time. Statistical comparisons were made using Student's paired t test in SigmaPlot (Systat Software). All values are reported as mean Ϯ SEM. Significance was defined as p Ͻ 0.01 and p Ͻ 0.05. Graphing was performed using SigmaPlot (Systat Software) and CorelDraw (Corel) software.
Chemicals. Pyridoxalphosphate-6-azophenyl-2Ј,4Ј-disulfonic acid (PPADS), suramin, 6,7-dinitroquinoxaline-2,3-dione (DNQX), 2-amino-5-phosphonopentanoic acid (AP5), and 2Ј-deoxy-N 6 -methyladenosine 3Ј,5Ј-bisphosphate tetrasodium salt (MRS 2179) were purchased from Tocris Bioscience-Cookson. Fura 2-AM was from Invitrogen. ATP, ADP, 2-methylthio AMP (2MeS-AMP), 2-methylthio ADP (2MeS-ADP), 2-methylthio ATP (2MeS-ATP), ␣␤-methylene ATP (␣␤meATP), adenosine 5Ј-O-(2-thiotriphosphate) (ATP␥S), 2Ј-3Ј-O-(4-benzoylbenzoyl)-ATP (BzATP), TTX, and all other drugs and chemicals were from Sigma. Suramin and PPADS (P2X receptor inhibitors) were used at 10 M from a 10 mM working stock in DMSO; hence, 0.1% (v/v) DMSO vehicle controls were applied in parallel to suramin and PPADS incubations.
Results

Expression of mRNA and protein for purinergic P2 receptors in the SCN
We first performed qRT-PCR analysis using pools of mRNAs from rat hypothalamic samples containing the SCN (Fig. 1A) . We examined the expression of the purinergic P2X1-7 receptor and three P2Y receptors (P2Y1, P2Y2, and P2Y12). Figure 1B shows the mean Ϯ SEM data from three independent experiments. The SCN samples expressed all P2XR subunits, and the quantities of the subunits followed the order P2X2 Ͼ P2X7 Ͼ P2X4 Ͼ P2X5 Ͼ P2X1 ϭ P2X3; the amount of P2X6 mRNA was low. The mRNA transcripts for P2YRs were also identified in the SCN samples, and the quantities of the subunits were in the order P2Y2 Ͼ P2Y1 Ͼ P2Y12.
Next, we analyzed the rat SCN slices and the SCN cell cultures using immunohistochemical staining for the P2X2R, the most abundantly expressed P2X subunit in the SCN. Figure 2A (top row) shows that the P2X2R expression is absent on cell bodies of SCN neurons. To demonstrate the specificity of the P2X2R antibody, we performed parallel experiments on slices containing supraoptic nuclei (SON), which are known to express functional P2X2Rs Vulchanova et al., 1996; Vavra et al., 2011) . A large number of cell bodies throughout the SON was intensely stained for the P2X2R (Fig. 2A, bottom row) . In the SCN cell culture, P2X2R immunoreactivity was colocalized with the presynaptic marker synapsin I (Fig. 2B ). As not all the terminals labeled by the synapsin I antibody were found to be immunoreactive for the P2X2R, it is clear that the receptor is not expressed in all nerve terminals.
Together, these results indicate that SCN have the capacity to express both P2XRs and P2YRs at the mRNA level. Among the P2 receptor subunits, the P2X2 mRNA is most highly expressed and the corresponding P2X2R protein colocalizes with synapsin I in nerve endings but is generally absent on SCN somata.
Effect of ATP on membrane potentials and currents in SCN neurons in slices
To examine the effect of ATP on membrane potentials and currents in SCN neurons of freshly isolated hypothalamic slices, whole-cell patch-clamp recordings from a total 139 neurons were performed. In current-clamp mode, the brief application (10 -20 s) of ATP (100 M) had no effect on resting membrane potential but increased the frequency of action potentials in 42% of SCN neurons (5 of 12 cells; Fig. 3A ). In cells voltage-clamped at Ϫ60 mV, ATP had two different effects: it both increased the frequency of spontaneous postsynaptic currents in 40% of SCN neurons (n ϭ 56; Fig. 3B, left) and induced an inward current of 15 Ϯ 5 pA (Fig. 3C ) in 7% of SCN neurons (n ϭ 10). The action resulting from ATP application exhibited a fast onset and fast offset, indicating the stimulation of P2X receptor channels. All SCN neurons responded to the application of GABA (100 M) by an inward current of 852 Ϯ 102 pA (n ϭ 6, Fig. 3B, right) . The measurements were performed both in the VL and DM subdivisions of the SCN that could be determined according to the vicinity of chiasma and the third ventricle, respectively (Fig. 1A) . Both the ATP-induced increase in the frequency of spontaneous synaptic currents and the ATP-induced inward current were observed more frequently in the VL than in the DM region of the SCN (Fig. 3D) . (Fig. 4A) . Using bicuculline (3 M) to block GABAergic currents, DNQX (20 M) to block AMPA currents, and AP5 (50 M) to block NMDA currents, we found that sEPSCs and sIPSCs differed in their amplitudes and duration. The amplitude of GABAergic sIPSCs was 183 Ϯ 27 pA, and the duration was 115 Ϯ 11 ms (n ϭ 9 cells). The amplitude of the glutamatergic synaptic currents was 26 Ϯ 3 pA, and the duration was 7.8 Ϯ 0.2 ms (n ϭ 11 cells). The sIPSCs were observed in all SCN neurons (n ϭ 139 cells), whereas the sEPSCs were detected in only 8% of neurons (n ϭ 11). The ATP-induced effect was completely inhibited by bicuculline in all cells examined (n ϭ 3; Fig. 4B ), indicating that the ATP-evoked spontaneous synaptic currents were dependent on the activation of the GABA-A receptor. However, inhibition by DNQX ϩ AP5 failed to inhibit the ATP-induced response (n ϭ 3; Fig. 4C ). Therefore, the sEPSCs were not studied further.
Characterization of spontaneous EPSCs and IPSCs in the SCN
Regional difference in the presynaptic effect of ATP
To determine whether the effect of ATP on SCN synaptic activity is the result of presynaptic or postsynaptic (or both) mechanisms, spontaneous transmitter release was studied in the presence of TTX, which inhibits action potentials. The absence of changes in the spontaneous postsynaptic current amplitude and an increase in frequency would argue for presynaptic mechanisms, whereas an increase in amplitude would argue for postsynaptic mechanisms. The measurements were performed both in the VL and DM subdivisions of the SCN (Fig. 5) .
The frequency of baseline spontaneous GABAergic IPSCs was higher in the DM than in the VL region (Fig. 5 A, D) , both in the presence and absence of TTX (Fig. 5 B, E) . The addition of TTX (1 M) reduced the frequency of sIPSCs in the VL by 60% (control, 2.46 Ϯ 0.93 Hz; TTX, 0.98 Ϯ 0.21 Hz; n ϭ 5; p Ͻ 0.01; Fig. 5B ) and in the DM region by 40% (control, 3.90 Ϯ 0.85 Hz; TTX, 2.28 Ϯ 0.46 Hz; n ϭ 12; p ϭ 0.014; Fig. 5E ) without affecting the amplitude of sIPSCs (Fig. 5C,F ) . The application of ATP was found to increase the sIPSC frequency but not other properties of sIPSCs. ATP augmented the sIPSC frequency in 58% of VL neurons (26 of 45 cells) by 836 Ϯ 195% (control, 1.25 Ϯ 0.25 Hz; ATP, 5.8 Ϯ 0.9 Hz, p Ͻ 0.01; Fig. 5 A, B) ; five of these cells also exhibited ATP-induced inward current (Fig. 3D) . No effect from ATP was observed in the remaining 19 VL cells (control, 3.0 Ϯ 0.74 Hz; ATP, 3.12 Ϯ 0.9. Hz; n ϭ 19). In the DM region, ATP increased the sIPSC frequency in 21% of neurons (6 of 28 cells) by 302 Ϯ 141% (control, 2.1 Ϯ 0.8 Hz; ATP, 5.0 Ϯ 1. Hz, p Ͻ 0.01; Fig. 5 D, E ) and no inward current was observed (Fig. 3D) . The remaining 22 cells were ATP-insensitive (control, 3.3 Ϯ 0.6 Hz; ATP, 3.4 Ϯ 0.8 Hz). The application of ATP had no effect on the amplitude of sIPSCs in either the DM (control, 36 Ϯ 6 pA; ATP, 34 Ϯ 5 pA; n ϭ 12; Fig. 5F ) or the VL region (control, 33 Ϯ 03 pA; ATP, 29 Ϯ 3 pA; n ϭ 19; Fig. 5C ). In the absence of TTX, the ATP-induced effect was lower (increase by 335 Ϯ 49%; n ϭ 4, VL region), but the sIPSC frequency seen after ATP application was not statistically different (5.1 Ϯ 0.5 Hz, n ϭ 4) from that seen in the presence of TTX (5.8 Ϯ 0.9 Hz, see above).
The ATP-evoked increase in the frequency of sIPSCs was observed starting with a threshold concentration at 30 M (Fig.  6 A, B) , and the effective ATP concentration producing a halfmaximal effect (EC 50 ) was 62 Ϯ 24 M (Fig. 6C) .
These results indicate that ATP acts on presynaptic receptors to stimulate GABA release and that this effect varies between regions.
Pharmacological characterization of presynaptic P2X receptors in the SCN
To determine the types of purinergic P2 receptors that mediated the ATP-evoked GABA release, we used specific agonists and antagonists. We first tested the involvement of P2XRs in the mediation of the effect of ATP. The P2X7R agonist, BzATP (300 M), failed to increase the frequency significantly (control, 2.1 Ϯ 0.3 Hz; BzATP, 2.4 Ϯ 0.9 Hz, n ϭ 3, p Ͼ 0.05; Fig. 7A ). The application of the ATP analogs 2-methylthioATP (2MeS-ATP; 100 M) and adenosine 5'-O-(2-thiotriphosphate) (ATPgS; 100 M) mimicked the effects of ATP (Fig. 7 B, C) ; the frequency increase induced by 2MeS-ATP and ATP␥S was 105 Ϯ 7% and 85 Ϯ 20% of the ATP response, respectively (Fig. 7D) .
We next tested the involvement of P2YRs. The application of ADP, 2-methylthioADP (2MeS-ADP) and adenosine 5Ј-O-(2-thiodiiphosphate (ADP␤S), P2Y1-and P2Y12-receptor agonists (Abbracchio et al., 2006) , failed to induce a somatic current or increase the frequency of sIPSCs (Fig. 7A-C) . These results indicate that the ATP-induced increases in the frequency of sIPSCs are not mediated by P2Y or P2X7 receptors.
In addition to the modulation of spontaneous postsynaptic currents by P2XRs agonists, we studied the effect of suramin and PPADS, which are both conventional P2XR antagonists (North, 2002; Coddou et al., 2011) . Suramin (100 M, 10 s) almost completely blocked the ATP-induced response, but this antagonist alone had a strong inhibitory effect on GABAergic sIPSCs (data not shown) because this compound also inhibits GABA receptor channels (Nakazawa et al., 1995; Vavra et al., 2011) . The preapplication of PPADS (10 M, 30 s) inhibited the ATP-increased frequency of sIPSCs by 71 Ϯ 9% (Fig. 8 A, B) without affecting the amplitude (control, 45 Ϯ 18 pA; PPADS, 36 Ϯ 8 pA, n ϭ 5, p Ͼ 0.05; Fig. 8C ). PPADS alone had no effect on the frequency (control, 0.62 Ϯ 0.26 Hz; PPADS, 0.76 Ϯ 0.17 Hz, n ϭ 5, p Ͼ 0.05; Fig.  8B ). These results suggest that presynaptic modulation of GABAergic inhibitory synaptic transmission in the SCN is mediated by P2X2R because the P2X4R is relatively resistant to suramin and PPADS . In addition, the lack of effect of PPADS on the basal frequency and amplitude of spontaneous postsynaptic currents indicates that endogenous ATP does not act as a spontaneously released neurotransmitter in the SCN, but as a modulator that controls the release of other neurotransmitters.
ATP-induced increase in intracellular Ca
2؉ levels The effect of ATP and agonists on the intracellular Ca 2ϩ concentration was examined in SCN cells from fura-2 AM-loaded slices (n ϭ 49 slices, ϳ20 cells per slice; Fig. 9 ). Calcium signals were obtained from somata of both neurons and glia cells, but we were not able to measure calcium changes in nerve terminals. SCN neurons and astrocytes show an increase in intracellular Ca 2ϩ in response to glutamate, the major excitatory neurotransmitter in afferents to the SCN (van den Pol et al., 1992). We used glutamate (100 M) at the end of each experiment to calibrate the effect of ATP (Fig. 9A-D) . Single-cell calcium measurements showed that ATP, ADP, BzATP, UTP, and ␣␤me-ATP (all at 100 M) increased the intracellular calcium concentration in 44, 26, 28, 12, and 11% of SCN cells, respectively (Fig. 9E) . The application of UDP failed to increase the intracellular calcium. Some of the ATP-induced [Ca 2ϩ ] i increases were abolished after preapplication with suramin ( Fig. 9B) and PPADS (50 M; 52 Ϯ 6% inhibition; n ϭ 64 cells), the P2X blockers, but the P2Y inhibitor MRS2179 (10 M) had no effect in these cells (data not shown). BzATP-sensitive cells exhibited a low response to glutamate (Fig.  9C) , indicating that they were most likely astrocytes (van den Pol et al., 1992 ). An UTP-induced increase in intracellular calcium concentration was observed in cells that were also sensitive to ADP (Fig. 9D) . Although presynaptic P2XRs, potentiating neu- n ], where F was the observed increase in frequency, F MAX was the maximum increase in frequency, C was the ATP concentration, EC 50 was the effective concentration of ATP that produced a halfmaximal increase in frequency, and n was the Hill coefficient. A theoretical curve was drawn using the following parameters: EC 50 ϭ 62 M, n ϭ 1.3, and F MAX ϭ 945%. Each point represents the mean Ϯ SEM. rotransmitter release, could modulate the ATP response in the slice, they are not responsible for the ATP-induced Ca 2ϩ signals. In an experiment performed in the presence of TTX, ATP still produced Ca 2ϩ transients in 35 Ϯ 6% of cells (n ϭ 38). This result revealed that, in addition to the previously identified P2X2R, P2X7R and P2YRs contribute to the ATP-stimulated increase of intracellular calcium levels in SCN cells.
Discussion
The major finding of this study is that ATP enhances sIPSC frequency through the presynaptic activation of P2XRs and that stimulation of P2XRs and P2YRs causes an increase in Ca 2ϩ in SCN cells. These results are based on whole-cell patch-clamp recordings, single-cell calcium imaging, immunohistochemistry, and qRT-PCR analysis, which revealed that SCN has the capacity to express both the P2X and P2Y receptors and that, among all P2XRs, the P2X2 Ͼ P2X7 Ͼ P2X4 mRNAs were the most abundant of the subunits, and that the P2X2R immunoreactivity colocalizes with synapsin I.
ATP increased the frequency of spontaneous GABAergic postsynaptic currents without changing the amplitude. This effect was concentration-dependent and was mimicked by the application of ATP␥S and 2MeS-ATP but not ADP, ADP␤S, and 2MeS-ADP, indicating that P2X receptors are present in presynaptic nerve terminals of SCN neurons and that binding of ATP to these receptors enhances the GABA release. The effect of ATP was observed in the presence of tetrodotoxin, which inhibits action potentials. Therefore, it is likely that ATP acts by stimulating Ca 2ϩ entry into the nerve terminals to thereby regulate GABA release. The ATP-induced response in the SCN did not desensitize and was inhibited with PPADS, which blocks homomeric P2X2 but not P2X4 receptors (North, 2002) , indicating the involvement of P2X2Rs. Numerous studies have shown that P2X2Rs act presynaptically to increase glutamate and GABA release in several areas of the brain. Experiments with knock-out mice showed that Ca 2ϩ entry through presynaptic P2X2Rs increases the frequency of spontaneous AMPA receptor-mediated glutamatergic currents in GABAergic hippocampal interneurons (Khakh et al., 2003) . Inhibiting P2XRs by the application of PPADS has been shown to abolish the glutamate-dependent postsynaptic currents evoked by the focal application of ATP in dorsal horn neurons (Li et al., 1998; Nakatsuka and Gu, 2001 ). PPADS-sensitive P2X2Rs have been found in glutamatergic terminals of neurons in the trigeminal mesencephalic motor nucleus (Khakh and Henderson, 1998) , the nucleus tractus solitari (Shigetomi and Kato, 2004) , and the area postrema (Kodama et al., 2007) . The presynaptic P2X2Rs underlie an increase in GABA release in a subset of GABAergic interneurons in the spinal cord (Hugel and Schlichter, 2000) , Purkinje cells in rat cerebellar slices (Donato et al., 2008) , and the supraoptic nuclei of hypothalamus (Vavra et al., 2011) . Direct interactions between purinergic and GABAergic channel proteins have been also described (Sokolova et al., 2001; Jo et al., 2011) . The present results reveal, for the first time, that the ATP-induced facilitation of GABA release in the SCN neurons is also mediated by presynaptic P2X2 receptors.
Little evidence has been found for P2XR channels in the somata of SCN neurons. These channels do not appear to be expressed at functionally and immunohistochemically detectable levels on SCN neuronal cell bodies because a very small ATPevoked inward current (15 pA) was observed in only 7% of the SCN neurons and the somata of SCN cells are lacking the P2X2R immunoreactivity. Our previous study has shown that ATP application induces an inward somatic current of ϳ125 pA in 62% of neurons in the supraoptic nuclei (Vavra et al., 2011) , which show P2X2-positive immunoreactivity both on somata and nerve fibers (Loesch and Burnstock, 2001; Yao et al., 2003; Guo et al., 2009 ). An ATP-induced slowly inactivating inward current was also observed in isolated terminals and somata of the hypothalamic neurohypophysial system , and in anterior pituitary cells (Zemkova et al., 2006) . Depolarization and Ca 2ϩ influx stimulated by ATP have numerous functions in endocrine cells. These involve stimulation of oxytocin, vasopressin, prolactin, and luteinizing hormone secretion (Kapoor and Sladek, 2000; Stojilkovic, 2009) . To the best of our knowledge, there is no information indicating that ATP could stimulate the release of neuropeptides in the SCN. Thus, even though RT-PCR analysis showed that P2X2R is the most expressed subtype of ionotrophic P2XRs in the SCN, our data do not support a functional role for this receptor in the somata of SCN neurons and suggest that the expression of P2XRs is mostly limited to nerve endings in the SCN. ATP is also viewed as a neurotransmitter that acts at postsynaptic P2X receptors to mediate synaptic currents in both the peripheral nervous system (Evans et al., 1992) and the CNS (Edwards et al., 1992; Pankratov et al., 1998) . We found that PPADS had no effect on the basal frequency and amplitude of sIPSC, suggesting that endogenously released ATP does not play a neurotransmitter role in the SCN but acts more as a modulator that stimulates the release of other neurotransmitters.
Our systematic RT-PCR analysis showed that P2X7 is the second most expressed P2X subunit in the SCN. Small electrophysiological responses to the selective agonist BzATP indicate that it is unlikely that there are functional P2X7Rs in SCN nerve terminals; however, the application of BzATP caused an increase in Ca 2ϩ in 28% of SCN cells in fura-2 AMloaded slices. The expression of this receptor is supposed to be higher in microglia than in neurons (Collo et al., 1997; DiazHernandez et al., 2008; Monif et al., 2009) . Moreover, recently, several works reported the expression of functional P2X7 receptors in astrocytes (Hamilton et al., 2008; Carrasquero et al., 2009; Norenberg et al., 2011) , which are present at a high density in the SCN (Morin et al., 1989) , suggesting that the high mRNA level for P2X7 can thus be ascribed to P2X receptors expressed in non-neuronal SCN cells.
Endogenous sources of ATP for receptor stimulation may be neurons, astrocytes, or microglia (Guthrie et al., 1999; Fields and Stevens, 2000; Inoue et al., 2007) . It has been shown that the ATP released by bursts of action potentials from the hypothalamic neurohypophysial system acts at P2X2 receptors to modulate neuropeptide release . In the rat SCN, however, circadian rhythms in the ATP content are negatively correlated with electrical activity and the AVP secretion rhythm: the SCN neuronal activity and AVP release are higher during the day than during the night (Brown and Piggins, 2007) , whereas the level of ATP is higher during the night (Womac et al., 2009 ). This finding might indicate that ATP is primarily stored and released from non-neuronal cells. Suprachiasmatic nucleus astrocyte cell cultures have been shown to display intrinsic, clock gene-dependent daily rhythms in ATP release (Burkeen et al., 2011; Marpegan et al., 2011) . Astrocytes releasing ATP have been found also in the hypothalamic paraventricular nucleus (Gordon et al., 2005) . Thus, endogenous sources of ATP for P2X receptor stimulation in the SCN are most likely glia cells.
The activation of presynaptic P2X receptors by ATP raises questions about their physiological function in the SCN. As mentioned above, the firing rate of clock neurons is declining at a time when the extracellular level of ATP is increasing (Womac et al.,  2009 ). Provided that SCN neurons might normally exert a GABAergic inhibitory influence on neighboring SCN neurons (Gompf et al., 2006) , the increased ATP level in the SCN during the night suggests that ATP-stimulated inhibitory GABAergic synaptic transmission might contribute to the silencing of neuronal electrical activity. ATP-stimulated GABAergic transmission might also be implicated in the regulation of SCN inputs from other brain regions, for example, the anterior paraventricular thalamus (Alamilla and Aguilar-Roblero, 2010) or retina (Jiao and Rusak, 2003) that receive photic input. These regions densely innervate the ventral SCN but provide only minor innervation of the dorsal SCN (Moga and Moore, 1997). We observed that the ATP-induced increase in the frequency of sIPSCs was higher in the neurons of the VL region (52% of cells) compared with those of the DM region (28% of cells), suggesting that the function of presynaptic P2X receptors might be to modulate inputs that entrain the intrinsic circadian rhythms of the SCN to the external light-dark cycle. Significant differences between two SCN regions might also indicate that the expression of P2XRs in the DM is lower than in the VL. The low number of functional P2X receptors in the DM might be related to the fact that the DM region is more important in the intrinsic circadian rhytmicity of neuronal activity (Shibata et al., 1984) and apparently also in ATP rhythm (Womac et al., 2009) . Thereby, DM cells would avoid undesirable regulation of the electrical activity by extracellular ATP.
In conclusion, although the PCR and immunological studies described previously Xiang et al., 2006) suggest the presence of P2XRs in the SCN, no information was available regarding the means by which the activation of these channels may (or may not) lead to changes in the electrical activities of SCN cells. The present study shows that ATP activates presynaptic P2X2Rs to stimulate inhibitory synaptic transmission within the SCN and that this effect varies between regions. Nonetheless, the molecular and neurochemical mechanisms underlying ATP effects likely involve multiple purinergic receptor systems (P2X and P2Y). Thus, extracellular ATP together with its receptors comprise a new excitatory system that may be involved in the regulation of the electrical activity of circadian pacemaker cells.
